The brain of teleosts is known for its strong aromatase expression, exhibiting unique features compared with other vertebrates. Among these features is the high sensitivity of aromatase B (the product of cyp19a1b) to estrogens. This effect involves the binding of estrogen receptors on an estrogenresponsive element (ERE) of the cyp19a1b promoter. Given the presence of potential androgen-responsive elements (AREs) on this promoter, in vivo and in vitro effects of androgens were studied. Using immunohistochemistry and quantitative PCR on zebrafish embryos, we found that cyp19a1b is upregulated by testosterone, an aromatizable androgen, and by 5alpha-dihydrotestosterone (DHT), a nonaromatizable androgen, suggesting a potential androgenic regulation of cyp19a1b through androgen receptors (ARs). To assess a putative direct regulation of the cyp19a1b gene by ARs, we transfected U251MG cells with zebrafish AR together with a luciferase reporter gene driven by 3000 bp of the proximal cyp19a1b promoter containing the ERE and potential AREs. Interestingly, although zebrafish AR activated luciferase reporter genes controlled by AREs, they failed to induce the cyp19a1b-luciferase construct. These data suggest that the androgenic regulation of cyp19a1b does not involve AR. We further showed that regulation of the cyp19a1b gene by testosterone is, in fact, due to aromatization, whereas the effect of DHT involves conversion into 5alpha-androstane3beta,17beta-diol (betadiol), a metabolite of DHT with known estrogenic activity. The blockage of the androgen regulation of cyp19a1b expression using antiestrogens further confirmed the involvement of estrogen receptors in mediating these effects.
INTRODUCTION
Estradiol is well known for exerting powerful neuroprotective and neurotrophic functions in the brain of vertebrates [1] [2] [3] . Although the brain constitutes a major target organ for circulating estrogens, many effects exerted by these hormones in the central nervous system result, in fact, from a local production of estradiol [4, 5] . Indeed, aromatase, the estrogen synthesis enzyme, is expressed in the brain of all vertebrates, but there are major differences between teleost fishes compared with mammalian and bird aromatase. First, adult fish exhibit extraordinarily high levels of brain aromatase activity, approximately 100-to 1000-fold greater than that detected in similar brain regions in mammals [6] . In contrast to mammals, in which aromatase activity declines in adulthood following a maximum during embryonic and perinatal periods, the expression of aromatase in teleosts is low, and it increases progressively until adulthood [4] . Furthermore, most of the teleost fishes are characterized by the existence of two cyp19a1 genes encoding the aromatase enzyme due to the specific genome duplication of this evolutionary branch [7] . These two genes have different expression patterns: the cyp19a1a gene, which encodes aromatase A, is mainly expressed in gonads, whereas the cyp19a1b gene encoding aromatase B is expressed in the brain [8] [9] [10] . This contrasts with mammals and birds in which the tissue-specific expression of aromatase, encoded by a single gene, is driven by a specific transcription originating from one of a series of multiple promoters [11] . Finally, the pattern of expression of aromatase in the brain also differs strikingly between adult mammals and teleosts. Indeed, in contrast to mammals and birds, in which the enzyme is mostly expressed in neurons in limbic and neuroendocrine regions [12, 13] , in teleosts its expression is restricted to radial glial cells mainly present in forebrain regions, such as the olfactory bulbs, telencephalon, preoptic area, and hypothalamus [14] [15] [16] .
Interestingly, radial glial cells, initially thought to only provide a scaffold for neuron migration during brain development [17] , are now considered as progenitor cells during embryogenesis [18, 19] . In contrast to mammals, in which radial glial cells disappear following embryonic neurogenesis, they persist in the brain of adult fish and were recently demonstrated to function as progenitor cells in the adult brain of zebrafish [16] . The strong expression of aromatase B in radial glial cells suggests the existence of a high local production of estradiol under certain physiological conditions. Importantly, estradiol has well-documented roles in the control of cell fate and neurogenesis in mammals. It is therefore speculated that estradiol can be linked with persistent neurogenesis and very high neurogenic activity, which occurs throughout the lifespan of fishes but is restricted to limited regions in mammals [20] . Consequently, it is of importance to further determine the physiological role of such an abundance of aromatase in the fish brain and to understand the still-poorly described mechanisms of regulation of the cyp19a1b gene.
In mammals, aromatase is upregulated by androgens, whereas aromatase regulation mainly depends on estrogens in birds [13, 21] . In the fish brain, aromatase B transcripts and protein are strongly upregulated by estradiol, as determined in treated zebrafish embryos through PCR, in situ hybridization, and immunohistochemistry experiments [22] [23] [24] . Importantly, the cotreatment of zebrafish larvae with estradiol and ICI 182,780 , an estrogen receptor antagonist, blocks this estradiol-induced overexpression of aromatase B. This therefore suggests that this process, only observed in radial glial cells [23] , is mediated through estrogen receptors [23] . Teleosts possess three genes encoding estrogen receptors: esr1 (formerly ERa), esr2a (ERb2), and esr2b (ERb1) [25, 26] , which exhibit different expression patterns and properties but which are all able to induce a reporter gene placed under the control of an estrogen response element (ERE) upon treatment with estradiol [23] . The involvement of these transcription factors in controlling cyp19a1b gene activity was further illustrated by in vitro studies using luciferase reporter gene placed under the control of the zebrafish cyp19a1b promoter. Interestingly, when cotransfected with plasmids encoding zebrafish estrogen receptor, the activity of this reporter construct was strongly induced by estradiol only in neuroglial cell lines (U251MG human astrocyte cell line or P19 cells differentiated with retinoic acid). Moreover, deletion analysis of the cyp19a1b promoter demonstrated that the induction of the aromatase B reporter gene in the presence of zebrafish estrogen receptors and estradiol requires both ERE and binding sequence for the neuroglial factor named GxRE [23, 27, 28] . These experiments therefore indicate that a ''neuroglial context,'' including specific factors, is necessary for the occurrence of an estrogenic regulation of the cyp19a1b-luciferase reporter gene [23, 28, 29] .
Together, these data indicate that the positive regulatory loop of aromatase B gene by estradiol might be due to a local conversion of testosterone into estradiol in the teleost brain. Furthermore, it is possible that the cyp19a1b gene could also be under the control of androgens, because its promoter contains a potential androgen response element (ARE) [30] , whose functionality, however, remains to be ascertained. In order to corroborate these hypotheses, we therefore decided to examine these mechanisms of regulation of the cyp19a1b gene both in vivo and in vitro. Here, we show that aromatase B transcripts and protein are increased following zebrafish treatments with testosterone (an aromatizable androgen) and 5a-dihydrotestosterone (DHT; a nonaromatizable androgen). We next performed in vitro studies to determine whether these effects were a direct consequence of androgens, whether they occurred indirectly following local conversion into estrogens, or both. Importantly, we found that zebrafish estrogen receptors are required for the regulation of the cyp19a1b gene by testosterone and DHT, and that each of the zebrafish estrogen receptors is capable of causing these regulations. We also provide evidence that upregulation of cyp19a1b upon DHT treatment results from conversion into a 5a-androstane-3b,17b-diol (bdiol) estrogenic compound.
MATERIALS AND METHODS

Animals and Treatments
Animals were treated in agreement with the European Union regulations concerning the protection of experimental animals. Zebrafish eggs were treated immediately after spawning with estradiol (E 2 ; E8875; Sigma), testosterone (T-1500; Sigma), DHT (D-5027; Sigma), 11-ketotestosterone (11-KT; K-8250; Sigma), or bdiol (A-7630; Sigma) at a final concentration of 10 À6 M to 10 À8 M. All hormones were dissolved in ethanol, which was used as a vehicle control. The final concentration of ethanol in water was kept constant at 0.1%. Embryos were treated for 72 h in Petri dishes and raised at 28.58C. Whenever treatments exceeded 24 h, the water containing the hormones was renewed every 24 h.
Immunohistochemistry on Zebrafish Larvae
After 72 h of treatment, larvae were fixed overnight at 48C in a saline phosphate buffer (PBS, pH 7.4) containing 4% paraformaldehyde, then immersed in sucrose and embedded in Tissue-Tek (Sakura Finetek Europe) to obtain frozen sections (12 lM). After blocking endogenous peroxidase activity in PBS containing 0.3% H 2 O 2 for 45 min, tissue sections were incubated for 1 h in a saturation PBS solution containing 0.2% Triton X-100 and 0.5% milk powder. Then, tissue sections were incubated overnight with a specific affinity-purified antibody directed against zebrafish aromatase B [16, 23] , diluted at a 1:500 ration in PBS containing 0.5% milk powder. After rinsing, tissue sections were sequentially incubated for 90 min with a secondary biotinylated goat anti-rabbit IgG (1:1500 in PBS containing 0.5% milk; TebuBio, Le Perray en Yvelines, France) and with a streptavidin-peroxidase complex (1:1500 in PBS containing 0.5% milk; Tebu-Bio) for 90 min. Brain aromatase immunoreactivity was revealed through a nickel intensification protocol [31] . Sections were finally mounted in PBS/glycerol (v/v) and observed with an Olympus Provis microscope equipped with a DP71 camera. Images were obtained with the Olympus Cell software.
Quantitative Evaluation of Zebrafish cyp19a1b Transcripts
Following 72 h of treatment, pools of larvae (100) exposed to the same hormonal treatment were rapidly frozen and lysed in 1 ml of Trizol reagent (Invitrogen) through sonication. Total RNAs then were extracted according to the manufacturer's protocol. Reverse transcription was performed for 75 min at 378C using 2 lg of RNA, 5 mM hexamer oligonucleotides, 2.5 mM dinucleotide triphosphate, and 100 units of MMLV-RT (Promega). Quantitative polymerase chain reactions (qPCR) was performed using a MyiQ apparatus (Bio-Rad) and using iQ SYBR Green supermix (Bio-Rad) and the primers shown in Table 1 . Genes gapdh and ef1 were used as housekeeping genes to normalize the expression levels of cyp19a1b mRNA. Melting curves and PCR efficiency analyses were performed to confirm correct amplification. Each experiment was performed at least three times. Results were expressed according to the comparative Ct method (ddCt) for relative quantification of gene expression [32] . For each sample, the difference (dCt) was calculated between Ct values obtained for target and reference amplicons. Comparative ddCt was then determined using as a reference the dCT calculated for the vehicle control sample (ethanol), and absolute values for comparative expression level were determined as equal to 2 ÀddCt .
Plasmids
Expression vector-encoding regions of zebrafish Esr1, Esr2b, and Esr2a were previously described [26] , as were the CMV-bgal plasmid [33] , plasmid encoding human AR, and MMTV-Luc [34] . To evaluate the transcriptional regulation of the cyp19a1b gene in vitro, we used a luciferase reporter gene placed under the control of 3 kb of the proximal promoter of the cyp19a1b gene. This promoter contains a functional ERE and a potential ARE [23, 27, 28] .
Cell Culture and Transfection Experiments
Human astrocyte U251MG cells were maintained at 378C under a 5% CO 2 atmosphere in Dulbecco modified Eagle medium (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal calf serum (FCS; Biowest), 2 mM Lglutamine (Gibco, Carlsbad, CA), 20 U/ml penicillin, 20 lg/ml streptomycin, and 50 ng/ml amphotericin (Gibco). One day prior to transfection, U251MG cells were washed and seeded in fresh medium in 24-well plates at a density of The luciferase activities were assayed 48 h later using a luciferase assay system (Promega) and were normalized using the bgalactosidase activity to normalize for transfection efficiency. Each experiment was performed at least in triplicate.
Statistical Analysis
Prior to statistical analysis, normality and homogeneity of variance of our data were assessed. Effects of treatments were evaluated by performing a Student t-test. All data were implemented in Minitab 15.1.1 software (Minitab Inc, PA), and a P value greater than 0.05 was considered as not statistically significant.
RESULTS
Aromatase B Transcripts Are Upregulated by Testosterone and Dihydrotestosterone in Zebrafish Larvae
To assess testosterone and DHT effects on aromatase B mRNA levels of zebrafish larvae, real-time quantitative RT-PCR experiments were performed. Data presented in Figure 1 show that testosterone and, surprisingly, DHT, which was used as a negative control, both caused an increase in cyp19a1b expression, in contrast to a previous experiment on the goldfish [35] . As expected [23] , E 2 robustly stimulated the expression of aromatase B mRNA (Fig. 1) , whereas the expression of gapdh and ef1, used as internal controls, remained unchanged (data not shown). This stimulation exceeded the control (EtOH) values by a factor of 13 for a concentration of 10 À6 M E 2 and a factor of about six when E 2 is used at 10 À8 M. Importantly, when used at a concentration of 10 À6 M, the amplification of the induction of aromatase B mRNA by testosterone and DHT was of a magnitude similar to E 2 10 À6 M (amplified 11 to 13 times in the induction vs. control). This observation was confirmed by statistical analysis. However, at lower concentrations (10 À8 M), DHT was less potent than E 2 , and testosterone had no significant effect.
Aromatase B Expression Is Upregulated by Testosterone and Dihydrotestosterone in the Radial Glial Cells of Zebrafish Larvae
To confirm that this upregulation of aromatase B expression by androgens was also observed at the protein level, and to identify the sites of aromatase B expression, immunohistochemistry was carried out. For this purpose, zebrafish eggs were treated with hormone immediately after spawning for a period of 72 h before fixation and cryostat sectioning. Following incubation of transverse sections with an affinity-purified antibody directed against zebrafish aromatase B, our results show that E 2 -treated larvae, used as a positive control in these experiments [23] , exhibited a very strong expression of aromatase B in the radial glial cells in the telencephalon, preoptic area, and hypothalamus (Fig. 2, A and B) , as previously shown [23] . In contrast, the control EtOH-treated zebrafish larvae displayed no significant signal (Fig. 2, A and  B) . Interestingly, larvae treated with 10 À6 M or 10 À7 M testosterone also presented a strong expression of aromatase B in the above-mentioned regions (Fig. 2C) . The most anterior region is the telencephalon, in which aromatase B-positive cells are found on the midline along the ventricle. An intense staining also was observed more posteriorly, in the preoptic area, where aromatase B is expressed medially. Importantly, a very strong staining also was detected in cytoplasmic processes and end feet, which is in accordance with the morphology of radial glial cells (Fig. 2C ). Positive cells also were detected in the caudal hypothalamus as two symmetrical cell populations positioned laterally around the lateral and posterior recesses. In this region, the signal observed also was very strong. A weaker labeling was observed when zebrafish larvae were treated with 10 À8 M testosterone (data not shown). Indeed, only a few labeled cells were observed in the telencephalon, in the midline along the ventricle, and in the preoptic area. At this concentration of hormone, the strongest signal was observed in the lateral and Interestingly, the pattern of labeling observed when larvae were treated with 10 À6 M DHT, which is a nonaromatizable androgen, was similar to that observed with testosterone (10 À6 M). For instance, many cells were labeled in the midline along the telencephalon ventricle, as were glial cells in the preoptic area and hypothalamus and, more caudally, cells located in the lateral recesses of the hypothalamus (Fig. 2D) . As observed when lowering the concentration of testosterone, fewer aromatase B-positive cells were observed in the telencephalon and the preoptic area of larvae treated with a concentration of 10 À8 M DHT. However, at this dose of hormone, more aromatase B-positive cells were observed in the hypothalamus (data not shown). Importantly, the distribution pattern of aromatase B observed in larvae treated with testosterone and DHT was highly similar to that observed in E 2 -treated larvae, suggesting common underlying mechanisms.
In Vitro, Zebrafish AR Does Not Mediate a Transcriptional Stimulation of cyp19a1b Gene by Testosterone and DHT To study the mechanisms of aromatase B regulation by androgens, we performed in vitro transfection studies in the glial U251MG cell line using a luciferase reporter gene placed under the control of the promoter of aromatase B (cyp19a1b- b-Galactosidase-normalized data were expressed relative to the induction measured in the presence of 10 À8 M E 2 (100%). Values shown are mean 6 SD of data acquired in three independent experiments performed in triplicate. Asterisks indicate a significant difference versus Esr þ EtOH (n ¼ 9, P , 0.05).
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Luc). This promoter contains a functional ERE, a half-ERE, and a potential ARE [30] . U251MG cells were cotransfected with expression vector encoding zebrafish androgen receptor (AR) [36] or human AR, together with the cyp19a1b-Luc or the MMTV-Luc (as a positive control) reporter genes. As expected, the activity of the MMTV-Luc reporter gene was induced by testosterone in the presence of human AR. Similarly, testosterone and DHT induced the activity of this reporter gene in the presence of zebrafish AR by 3-and 5-fold, respectively (Fig. 3A) . In contrast, neither zebrafish AR nor human AR was able to induce the transcription of the cyp19a1b-Luc reporter gene (Fig. 3A) in the presence of 10 À6 M testosterone or DHT. Importantly, we verified that the cyp19a1b-Luc reporter gene was functional in our cell model, as shown by its strong stimulation (about 80-fold) by 10 À8 M E 2 when cotransfected with a plasmid encoding zebrafish estrogen receptors (Fig. 3B) . As another control, we performed the same experiment using an ARE-tk-luciferase reporter gene. As expected, this reporter gene was induced by testosterone and DHT in presence of zebrafish AR by 2.5-or 3.5-fold, respectively (Fig. 3C) . Again, zebrafish AR was not able to induce the cyp19a1b-Luc reporter gene after androgen treatment (Fig. 3, A and C) .
These results therefore indicate that zebrafish AR is unlikely to be involved in the transcriptional response of aromatase B by androgens.
The Transcriptional Stimulation of cyp19a1b Gene by Testosterone and DHT Is Mediated by Estrogen Receptors
To see whether the androgenic regulation could be mediated by zebrafish estrogen receptors, we performed cotransfection of U251MG cells with the cyp19a1b-Luc reporter gene and plasmids encoding one of the three zebrafish estrogen receptor subtypes (Esr1, Esr2b, and Esr2a). Cells were treated with testosterone or DHT in the presence or absence of the estrogen receptor antagonist ICI 182,780 . As shown within Figure 4 , all zebrafish estrogen receptors were able to induce, in a dosedependent manner, the transcriptional activity of the reporter gene in the presence of testosterone and DHT, with a maximum activity of 10% or 40% of the response obtained with 10 À8 M E 2 , respectively. However, interestingly, ICI completely abolished the induction of the cyp19a1b-Luc reporter gene response to testosterone and DHT steroids (Fig. 4) . Together, these results demonstrate that, in vitro, zebrafish estrogen receptors but not zebrafish ARs are able to promote a transcriptional response of the promoter of the cyp19a1b gene in the presence of testosterone and DHT.
Consequently, we next tested another nonaromatizable androgen, 11-KT, and bdiol, a metabolite of DHT known for its estrogenicity. In contrast to testosterone and DHT, the Values shown are mean 6 SD of data from three independent experiments performed in triplicate. a indicates a significant difference versus Esr2a; b a significant difference versus zebrafish Esr1 (n ¼ 9, P , 0.05).
nonaromatizable androgen KT completely failed to induce the activity of the cyp19a1b-Luc reporter gene (Fig. 5) . However, most interestingly, bdiol strongly induced the reporter gene to a similar extent as E 2 (Fig. 5) .
To see whether zebrafish estrogen receptors had different potency upon bdiol stimulation of cyp19a1b expression, their activity was compared in the same experiment. Figure 6 shows that bdiol stimulated more luciferase activity in the presence of Esr2b or Esr2a than in the presence of Esr1.
In Vivo, Aromatase B Expression Is Upregulated by bdiol in the Radial Glial Cells of Zebrafish Larvae, but Not by 11-KT, Another Nonaromatizable Androgen
We tested in vivo the effects of 11-KT and bdiol on the expression of aromatase B to confirm or refute the results obtained in the in vitro analysis. As observed above with the cyp19a1b-Luc reporter gene, larvae treated with the nonaromatizable androgen, 11-KT, did not show any aromatase Bpositive cells in any regions described below with the two concentrations of 11-KT tested, 10 À8 M (data not shown) and 10 À6 M (Fig. 7A) . In contrast, confirming the strong in vitro induction of the cyp19a1b 3-kb luc reporter gene after bdiol treatment, numerous aromatase B-positive cells were observed in the larvae treated with bdiol (10 À6 M). As shown within Figure 7 , a very important signal was observed in the radial glial cells lining the ventricle in the telencephalon, and numerous cells were labeled in the preoptic area showing, as after E 2 treatment, the typical morphology of the radial glial cells. A very strong signal was also seen in the lateral cell population of the hypothalamus (Fig. 7B) . At a lower concentration, a few cells were observed, and the positive cells were observed only in the lateral and posterior recesses of the hypothalamus (data not shown).
DISCUSSION
The mechanisms of aromatase expression in the brain of vertebrates are still poorly understood and remain controversial. However, there is a general agreement that sex steroids, either androgens, estrogens, or a combination of both [13, 37] , influence the transcriptional activity of the aromatase gene. In teleosts, it is clear that estrogens positively upregulate aromatase B expression, an effect that involves estrogen receptors and an ERE sequence localized on the proximal promoter of the cyp19a1b gene [23, 27, 28] . In addition, we have shown previously that this effect is cell specific and requires a neuroglial context, in agreement with the fact that aromatase B is only expressed in radial glial cells in the brain of teleosts [23, 38] . However, to date, no one has ever looked in detail at the potential effects of androgens on aromatase B expression. There are indeed data indicating that androgen treatment or high levels of circulating androgens stimulate aromatase activity or aromatase expression in fish [35, 39, 40] . We thus aimed to determine whether these androgen effects were due to brain aromatization translating androgenic effects into estrogenic ones. Alternatively, given the presence of ARElike response elements on the cyp19a1b promoter, the possibility of direct transcriptional effects of androgens deserved investigation.
In this study, aromatase B protein and transcripts were indeed found to be upregulated by testosterone, thereby confirming previous Northern blot data obtained following treatment of zebrafish larvae with testosterone [35] . Importantly, aromatase B was found to be highly expressed in response to hormonal treatments only in radial glial cells, further illustrating the known requirement of a neuroglial context for the regulation of the cyp19a1b gene [23, 27, 28] . Furthermore, these results confirm that the strong regulation of aromatase B by testosterone occurs mainly in forebrain regions, such as the telencephalon, preoptic area, and hypothalamus, as observed previously [35, 41] . To confirm these results suggesting that local aromatization of testosterone into E 2 occurred, we then used DHT, a nonaromatizable androgen. Surprisingly, and contrasting with results obtained by others in goldfish [35] , DHT was also an efficient activator of aromatase B expression in the zebrafish brain. This discrepancy might be explained by the higher sensitivity of the qPCR method compared with Northern blotting. However, a very significant stimulation of the cyp19a1b gene expression in zebrafish brains, consecutive to an exposure to DHT, was also recently observed using immunohistochemistry [41] .
We then performed in vitro studies to precisely determine whether the effects exerted by testosterone on cyp19a1b expression were direct, indirect, mediated by conversion into estrogens, or a combination of different signaling pathways. Importantly, the activity of the cyp19a1b-Luc reporter gene remained unchanged following cotransfection with plasmids expressing zebrafish AR and treatment with testosterone or DHT, despite the fact that these androgens are able to induce transactivation of a reporter gene placed under the control of AREs [36] . These results indicate that zebrafish AR is unlikely to be involved in the transcriptional response of cyp19a1b upon treatment with androgens. This lack of effect is not due to an error in zebrafish AR functionality, because this receptor was able to induce transactivation of the ARE-tk-luciferase as well as MMTV-luciferase reporter genes. Thus, it is very likely that the putative ARE sites present within the promoter sequence of the cyp19a1b gene are not able to recruit zebrafish AR under these conditions. These data are reinforced by the fact that 11-KT is totally ineffective in stimulating cyp19a1b expression both in vivo and in vitro.
In contrast, all zebrafish estrogen receptors (Esr1, Esr2b, and Esr2a) were able to induce, in a dose-dependent manner, the transcription of the cyp19a1b-Luc reporter gene in the presence of testosterone and DHT. Importantly, 11KT, another nonaromatizable androgen that efficiently activates zebrafish AR [36] , was unable to induce any transcriptional activity in the presence of either zebrafish estrogen receptor subtype, and it was unable to stimulate aromatase B expression in vivo. This therefore suggests that both in vivo and in vitro, testosterone and DHT effects are mediated by zebrafish estrogen receptors and not by ARs. 
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Confirming this latter possibility, there is evidence that astrocytoma, astroglioma-derived cell lines, or astrocytes in vitro exhibit aromatase activity, therefore offering an explanation for the estrogenic effects of testosterone in vitro [42] [43] [44] . On the other hand, there is increasing evidence that astrocytes also have 3b-hydroxysteroid dehydrogenase activity. This enzyme converts DHT in bdiol, a well-known estrogenic androgen derivative that strongly stimulates the transcriptional activity of mammalian estrogen receptors [45] , notably that of ESR2 [46, 47] . Given this high affinity of estrogen receptors for bdiol, we therefore postulate that DHT may indirectly regulate the cyp19a1b gene through conversion into bdiol. This postulate was verified by showing that bdiol in vivo induces a pattern of aromatase B expression in the radial glial cells similar to that observed following testosterone, DHT, or E 2 treatment. This implies that the brain of zebrafish has 3b-hydroxysteroid dehydrogenase activity similar to that of the mammalian brain [46, 48] . Furthermore, in vitro, bdiol induced the transcriptional activity of the cyp19a1b-Luc reporter gene in the presence of zebrafish estrogen receptors in a dosedependent manner. Finally, the complete abolition by ICI 182,780 of the stimulatory effects exerted by E 2 , testosterone, DHT, and bdiol on cyp19a1b-Luc activity strongly suggests that these regulations are directly mediated through zebrafish estrogen receptors, at least in vitro.
The fact that the brain of fish is able to locally produce bdiol is a new finding that will require further investigations. This implies that caution must be taken when using DHT as a negative control (indicating an absence of aromatization). Indeed, this 5a-reduced form of testosterone, classically considered an AR agonist with no ability to be aromatized to estrogenlike metabolites, does induce estrogenic effects after conversion into bdiol by 3b-hydroxysteroid dehydrogenase. Whether such enzymatic activity has any significant functional effects in the brain of fish remains open to speculation. In mammals, it was shown that bdiol could notably be involved in the modulation of stress by acting on the hypothalamopituitary-adrenal axis [46] . Importantly, the effects of DHT and bdiol on stress are blocked by estrogen receptor antagonists, such as the ICI 182,782 , but not by flutamide, which is an AR antagonist [46] .
In addition to the known regulation of the cyp19a1b gene by E 2 , we demonstrate that other steroids can influence the transcription rate of this gene. These regulations, which can be direct or indirect through aromatization of testosterone or conversion of DHT into bdiol, are likely to require estrogen receptors. In mammals, bdiol has higher transactivation ability in the presence of ESR2 than with ESR1 [47] . In the present study, zebrafish Esr2a and Esr2b also had slightly higher activity than Esr1 in the presence of bdiol. Furthermore, the distribution of Esr2a and Esr2b in the brain of zebrafish is larger than that of Esr1. Both in trout and zebrafish, the expression of Esr1 and aromatase are correlated in certain brain regions, notably in such areas as the preoptic area and mediobasal hypothalamus [15, 26] , but there is no evidence for expression of Esr1 in radial glial cells. In contrast, there is an indication that zebrafish esr2a and esr2b messengers are expressed along the brain ventricles in many regions of the zebrafish brain (F. Adrio and O. Kah, unpublished data), although the real evidence that radial cells express Esr2 is still lacking. It is also possible that, given the high E 2 sensitivity of the cyp19a1b gene, low levels of estrogen receptor, undetected by conventional techniques, are sufficient to induce the upregulation of the cyp19a1b gene, as indicated by previous experiments performed on brain cell cultures enriched in glial cells [15] .
The regulation of the cyp19a1b gene by different steroids, estrogens, and androgens, is likely to constitute a key process in generating important amounts of aromatase B in zebrafish radial glial cells. The physiological significance of this strong expression is still unknown, but very interestingly we have recently shown that radial aromatase B-expressing radial glial cells are progenitor cells in the brain of zebrafish [16] , suggesting that E 2 could, among other actions, modulate some cellular mechanisms involved in neurogenesis. It is important to point out that several studies in other vertebrates have recently documented expression or aromatase in radial cells. This is notably the case in birds following cortical lesions [49] or during the embryonic development of the cortex in the mouse [50] . Aromatase has also been shown to be upregulated after chemical or mechanical lesions in the brain of birds and mammals, most likely in astrocytes [51] , possibly also suggesting a role for E 2 in neurogenesis of brain repair [20] . The mechanisms mediating aromatase expression in such situations are totally unknown, but it is not impossible that parts of them resemble those reported in the present work.
In conclusion, the present study provides evidence that in the brain of zebrafish, androgens, such as testosterone, DHT, or 11-KT, have no direct effect on the regulation of cyp19a1b expression. Although 11-KT is totally ineffective in stimulating aromatase B expression, both testosterone and DHT can induce estrogenic effects (most likely following aromatization), or 5a-reduction and 3b-hydroxysteroid dehydrogenase activity, respectively. The significance of these multiple pathways leading to estrogen or estrogenic compound production in the brain of fish remains to be determined.
